Alternative splicing of pre-mRNA is a major mechanism to increase protein diversity in higher eukaryotes. Dscam, the Drosophila homologue of human DSCAM (Down's syndrome cell adhesion molecule), generates up to 38 016 isoforms through mutually exclusive splicing in four variable exon clusters. This enormous molecular diversity is functionally important for wiring of the nervous system and phagocytosis of invading pathogens. Current models explaining this complex splicing regulation include a default repressed state of the variable exon clusters to prevent the splicing together of adjacent exons, the presence of RNA secondary structures important for the release of one specific variable exon from the repressed state and combinatorial interaction of RNA-binding proteins for choosing a specific exon.
Introduction
Alternative splicing is a major mechanism to generate molecular diversity and organismal complexity from the limited number of genes present in higher eukaryotes [1] . More than 90 % of human genes undergo alternative splicing, thereby giving rise to functionally diverse proteins [2, 3] . There are different modes of alternative splicing, including exon skipping, selection of alternative donor and acceptor ss (splice sites), alternative terminal exons, intron retention and exons that are ME (mutually exclusive) [4, 5] . The present review focuses on splicing of ME exons with a particular emphasis on their regulation in the Drosophila Dscam gene.
Mechanisms of mutually exclusive splicing
Mutually exclusive splicing results in inclusion of only one exon from two or more variable exons [6] . Mechanisms explaining ME splicing involve steric hindrance due to overlapping signals required for splicing, incompatibility of splicing signals for the major and the minor spliceosome, regulation by trans-acting factors and removal of transcripts with premature stop codons by NMD (nonsense-mediated decay).
In mammalian introns, a minimum of 50 nt are required between the 5 ss and the branch point for splicing. A shorter distance will not allow spliceosome assembly due to steric hindrance. Between exons 2 and 3 of α-tropomyosin, the distance between the 5 ss and the branch point is only 41 nt, resulting in inclusion of either exon 2 or 3 ( Figure 1A ) [7, 8] Although most introns are spliced by the major spliceosome using GU/AG splicing signals, a minor spliceosome is present where U1 and U2 snRNPs (small nuclear ribonucleoproteins) are replaced by U11 and U12 snRNPs, which use AU/AC as splicing signals. The ss for major and minor spliceosomes are incompatible and cannot be spliced together to include adjacent exons. The intron between ME exons 6a and 6b in human JNK2 (c-Jun N-terminal kinase 2) contains a U12-type 5 ss and a U2-type 3 ss and, accordingly, these exons cannot be spliced together ( Figure 1B ) [9] .
In some exon pairs, tissue specific expression or activity of trans-acting factors can favour inclusion or force exclusion of only one from two variable exons, which under certain conditions could also be spliced together. Such a situation is found in α-actinin, where the SM (smooth muscle) exon is preferentially included in, and the NM (non-muscle) exon is preferentially excluded from, smooth muscles. Here, CUG-BP (CUG-repeat-binding protein) and ETR3 (Elav-type RNA-binding protein 3) activate the SM exon but together with CELF (CUG-BP and ETR3-like factor) 4 they also suppress the NM exon. Inclusion of the SM exon also involves removal of PTB (polypyrimidine tract binding) protein to relieve repression from the SM exon, indicating that combinatorial interaction of multiple RBPs (RNA-binding proteins) is required to regulate this complex alternative splicing event ( Figure 1C ) [10] .
In some genes, alternative splicing generates isoforms that contain a PTC (premature termination codon) due to a frameshift. Such PTC-containing isoforms can be efficiently removed by NMD, thus disguising the absence of an isoform as ME splicing. This situation is observed in FGFR2 (fibroblast growth factor receptor 2), where transcripts containing both ME IIIb and IIIc exons harbour a PTC and are therefore degraded ( Figure 1D ) [11] . snRNPs. An intron with a U12-type 5 ss and a U2-type 3 ss cannot be spliced, owing to spliceosomal incompatibility as observed between exons 6a and 6b of JNK2. (C) Trans-acting factors can regulate ME splicing by acting as both promoters and inhibitors of ME exon pairs to prevent them from being spliced together. CELF proteins regulate splicing of SM and NM exons of α-actinin, resulting in ME splicing. Disfavoured, but observed, splicing is shown as broken lines. (D) Inclusion of multiple ME exons can result in the generation of a PTC due to a frameshift. Such aberrant transcripts are removed by NMD, as observed in FGFR2 transcripts containing both IIIb and IIIc exons. Constitutive exons are shown as blue boxes, and pairs of ME exons are shown as pink and yellow boxes.
Dscam
The invertebrate Dscam gene, homologous with human DSCAM (Down's syndrome cell adhesion molecule), holds the record for generating the utmost molecular diversity from a single gene by alternative splicing [12] . DSCAM contains an extracellular domain comprising ten Ig domains and six fibronectin type III domains linked to a transmembrane domain and a cytosolic signalling domain. Exon clusters 4, 6 and 9 contain 12, 48 and 33 variable exons respectively, which are located in three extracellular Ig domains. One of the two ME exon 17 variables comprises the transmembrane domain ( Figure 2A ). Combined ME splicing of these exon clusters can generate a total of 38 016 different protein isoforms [13] . Generation of Dscam diversity by ME splicing is important for its role in pattern recognition in the immune system and wiring of the nervous system [14, 15] . Intriguingly, identical isoforms for the extracellular domain show homophilic binding [16] . In a cellular context, this has been shown to result in repulsion of axons and dendrites of MB (mushroom body) neurons and da (dendritic arborization) sensory neurons respectively [17, 18] .
Biological role of Dscam diversity
In the invertebrate immune system, DSCAM mediates phagocytosis of pathogens. In Dscam mutant larvae, phagocytosis of bacteria by haemocytes is impaired owing to reduced bacterial binding and results in lower viability [15] . Intriguingly, pathogen exposure in mosquito cells changes the Dscam splicing pattern to produce isoforms with higher binding affinity in a pathogen-specific manner ( Figure 3A ). This change in splicing pattern is not a result of clonal selection and is established within approximately half a day [19] .
In the nervous system Dscam is required for outgrowth of MB axons and expansion of dendritic fields of da neurons [17, 18] . Both of these phenotypes are rescued in flies containing only one ectodomain isoform (Dscam single ), which was generated by homologous recombination in the endogenous locus. A characteristic feature of MB neurons and dendrites of da neurons is branching of axons and dendrites respectively. In Dscam single flies, MB axons do not bifurcate. In addition, dendrites of da neurons in Dscam single flies cannot generate overlapping fields and show limited branching. These results illustrate that DSCAM diversity is required to provide identity to individual neurons of a population and to allow for overlapping projections. Dscam diversity thus allows an otherwise identical population of neurons to project along a given path and at the same time to branch their axons ( Figure 3B ). Key to the initiation of branching is repulsion mediated by homophilic interaction of identical DSCAM isoforms [16] .
In contrast, the role of Dscam diversity in neuronal wiring of mechanosensory neuronal projections is seemingly different. Here, expression of randomly chosen single isoforms can restore initial axonal extensions, but cannot rescue connectivity. The mechanosensory neurons expressing a single Dscam isoform show impaired secondary and tertiary axonal branching and fail to cross the midline in the central nervous system to reach their target cells. These defects are specific to individual isoforms and suggest functional differences between different isoforms. Thus Dscam diversity is required to establish connectivity [20] .
In summary, these results argue that the initial diversity present in a population of immune cells or neurons diversifies into a complement of isoforms that provides a unique identity to a specific class of cells (Figure 3) . Indeed, single cell analysis in haemocytes and R7 photoreceptor neurons revealed that each cell expresses a unique set of ∼14-50 DSCAM isoforms [21] . Diversification could potentially be achieved in two ways. Either, an extensive diversity of Dscam isoforms is present in undifferentiated cells, which is then reduced to a cell-specific complement during differentiation, or a limited diversity of Dscam isoforms is present initially, which is then altered during differentiation to provide a unique cellular identity. 
Mechanisms of mutually exclusive splicing in Dscam
The mechanisms of ME splicing discussed previously do not apply to splicing of the Dscam variable exons comprising the extracellular domain. Introns in the variable clusters are longer than the minimal size of ∼59 nt in Drosophila and contain splicing signals for the major spliceosome [22] . Although splicing together of exons from the exon 6 cluster would result in a PTC, removal of such isoforms by NMD would seem a highly inefficient way to remove isoforms with multiple inclusions owing to the large number of possibilities. Hence a mechanism is postulated whereby the variable cluster is kept in a repressed state until a specific exon is chosen for inclusion.
Dscam variable exon clusters are in a repressed state
Through RNAi (RNA interference)-mediated knockdown of RBPs in Drosophila S2 cells (a cell line of haemopoietic origin), an hnRNP (heterogeneous nuclear ribonucleoprotein), hrp36, has been identified specifically repressing the joining of exons in the exon 6 cluster, but not the other clusters ( Figure 2B ). Although hrp36 also binds to the exon 4 cluster, no joining of exons has been observed when hrp36 levels are reduced by RNAi. Moreover, hrp36 acts antagonistically to SR (serine/arginine-rich) proteins to prevent ectopic inclusion of multiple exon variants. These observations suggest a mechanism, which keeps the variable exon cluster in a repressed state until one exon is chosen for inclusion. Although very compelling, the role of hrp36 in repressing the splicing together of multiple exons in the exon 6 cluster seems not to extrapolate to the whole organism [23] .
In the exon 4 cluster, a 27 nt stem-loop structure called the iStem (inclusion stem) located in the intron after exon 3 is functionally relevant for inclusion of one variable exon [24] . Deletion or mutation of the double-stranded part of the iStem results in skipping of the entire exon 4 cluster, but the length and sequence of the loop in the iStem seem not to play a role in regulating splicing in the exon 4 cluster. The iStem plays a role in repression and is not involved in exon choice. This study suggests that a fine balance exists between choosing a variant exon and repression of the entire exon 4 cluster.
RNA secondary structures mediate Dscam variable exon selection
Extensive sequence analysis and phylogenomics have initially identified evolutionarily conserved intronic sequences in the exon 6 cluster consisting of a 66 nt sequence in the intron after exon 5, termed the 'docking site', and a complementary shorter sequence called the 'selector sequence' in front of each exon 6 variant ( Figure 2B ) [22] . Base pairing between the docking site and the selector site is then postulated to bring a specific variable exon into the proximity of the preceding constant exon, resulting in splicing of the intron by the release of a repressor, subsequently triggering splicing to the distal constant exon ( Figure 2B ). The function of the docking site is evolutionarily conserved and is required for exon 6 splicing. Deletions in the docking site increase exon 6 skipping and alter inclusion frequencies of exon 6 variables. In addition, swapping selector sequences from rarely to frequently encoded variable exons, and vice versa, alters inclusion accordingly [25] . Further support for the involvement of RNA secondary structure has recently come from sequence analysis of the variable clusters 4 and 9, where docking and selector sequences are also present [26] .
Most introns in Drosophila are spliced co-transcriptionally [27] . Although the variable exon 4, 6 and 9 clusters extend over 6, 12 and 15 kb respectively, a 'polar effect' leading to preferential inclusion of variable exons closer to the proximal constant exon is not observed, arguing for dedicated mechanisms regulating the inclusion of a single variable exon.
RNA secondary structure is also postulated to govern ME splicing of the transmembrane domain encoded by the two exon 17 variables [28, 29] . Here, four conserved sequences that can form two competing RNA stem-loop structures are present in the intron distal of constitutive exon 16. ME splicing of variable exon 17 is functionally important to localize DSCAM isoforms either to dendrites (exon 17.1) or axons (exon 17.2) of MBs [30] .
RBPs regulate inclusion of Dscam variable exons
Regulation of Dscam diversity is required to provide unique identities for individual neurons in MBs and to increase levels of high-affinity-binding isoforms fighting pathogens in the immune system. Prime candidates to regulate inclusion of individual variants are RBPs. RNAi-knockdown of 250 RBPs in S2 cells revealed 36 proteins that have an effect on the splicing of exon 4, but only eight proteins that affect alternative splicing of exon 17. All eight proteins involved in the splicing of exon 17 also affect exon 4 splicing [31] . These results suggest combinatorial control in the regulation of Dscam ME variable exon splicing by RBPs, but surprisingly those RBPs identified mostly affect inclusion of the same small set of variable exons.
Conclusions
Regulation of Dscam diversity by ME splicing is quintessential for neural circuit formation, organization of dendritic fields and clearance of pathogens by Dscam-mediated phagocytosis. For all these functions, expression of a small unique set of Dscam isoforms is required in individual cells of an otherwise identical population. How inclusion of individual exons is regulated remains poorly understood. Particularly intriguing, signals from the cell surface seem to relay to the splicing machinery to regulate Dscam diversity.
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